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A b s t r a c t  
The NASA OAST Propu ls ion .  Power, and Energy 
D l v l s l o n  suppor t s  e l e c t r l c  p r o p u l s i o n  f o r  a broad 
c l a s s  o f  m lss lons .  Concepts w l t h  p o t e n t i a l  t o  s lg -  
n i f l c a n t l y  b e n e f i t  o r  enab le  space e x p l o r a t l o n  and 
e x p l o l t a t l o n  a r e  I d e n t i f l e d  and advanced toward 
a p p l l c a t l o n s  I n  t h e  near t o  f a r  term. Th ls  paper 
summarlzes r e c e n t  program p rog ress  I n  mlss lon /sys tem 
ana lyses  and I n  e l e c t r o t h e r m a l ,  i o n ,  and e l e c t r o -  
magnet ic  t e c h n o l o g l e s .  
I n t r o d u c t l o n  
Prospec ts  now appear h l g h  f o r  broad acceptance 
and a p p l l c a t l o n  o f  e l e c t r i c  p r o p u l s l o n  systems. 
Low power, pu l sed  plasma t h r u s t e r s  a r e  I n  use  for 
v e r y  p r e c i s e  o r b l t  c o n t r o l l  on Navy NOVA spacec ra f t  
and 500-W c l a s s  augmented h y d r a z i n e  r e s l s t o j e t s  a r e  
o p e r a t l o n a l  on many geosynchronous communlcatlon 
These f i r s t  a p p l l c a t l o n s  have pro-  
v lded  use rs  w l t h  c o n s l d e r a b l e  l n f o r m a t l o n  on the 
I n t e g r a t i o n  requ l rements  and p o t e n t l a l s  o f  e l e c t r l c  
p r o p u l s l o n  and a r e  I m p o r t a n t  m i l e s t o n e s  toward I t s  
f u l l  e x p l o l t a t l o n .  
M u l t l p r o p e l l a n t  r e s l s t o j e t s 3  have been selec- 
t e d  f o r  t h e  I n l t l a l  Opera t l ng  C a p a b l l l t y  (IOC) Space 
S t a t l o n 4  as t h e l r  use n e a r l y  e l l m l n a t e s  t h e  neces- 
s l t y  f o r  b o t h  l aunch  o f  d rag  make-up p r o p e l l a n t s  
and, I m p o r t a n t l y .  t h e  r e t u r n  o f  waste f l u l d s  from 
S t a t l o n  subsystems. The use o f  h l g h  power, p r imary  
e l e c t r l c  p r o p u l s i o n  was s t r o n g l y  endorsed b{  the 
r e p o r t  o f  t h e  N a t i o n a l  Commisslon on Space. 
A p p l l c a t l o n s  c l t e d  t h e r e l n  I n c l u d e d  b o t h  Ear th -  
o r b l t  and p l a n e t a r y  ca rgo  t r a n s f e r  v e h l c l e s .  
s o l a r 6  and n u c l e a r  
o f  a v a l l a b l l l t y  has l o n g  p reven ted  t h e  r e a l l z a t l o n  
o f  p r l m a r y  e l e c t r l c  p r o p u l s i o n ,  a r e  now under 
development f o r  space demons t ra t l on  and/or use I n  
t h e  1990 's .  I n  a d d l t l o n  t o  these  developments, 
recent819 and plannedlOpll space t e s t s  g l v e  f u r t h e r  
ev ldence o f  t h e  I n t e r e s t ,  and w l l l ,  o f  v a r i o u s  
agenc les  t o  deve lop  e l e c t r i c  p r o p u l s i o n .  
The NASA e l e c t r l c  p r o p u l s l o n  program supports 
b o t h  sys tem and m l s s l o n  ana lyses  and research  and 
techno logy  e f f o r t s  on s e v e r a l  p r o p u l s l o n  concepts.  
S t u d l e s  a r e  almed a t  d e f l n l n g  t h e  requ l rements  f o r .  
and Impacts  o f ,  advanced p r o p u l s l o n  f o r  a broad 
range o f  a p p l l c a t l o n s  f rom low  power a u x l l l a r y  
f u n c t l o n s  t o  l a r g e  cargo  t r a n s f e r  v e h l c l e s .  The 
requ l remen ts  o f  t h e  many a p p l l c a t l o n s  and miss ions  
a r e  o f t e n  ve ry  d l s p a r a t e .  The program, the re fo re ,  
addresses a range o f  t echno log les  I n  t h e  areas  of 
e l e c t r o t h e r m a l ,  I o n .  and e lec t romagne t l c  p r o p u l s i o n .  
Large 
space power systems, whose i a c k  
*Member A I A A .  
This paper is declared a work o f  the U.S. Government and i s  
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The f o l l o w i n g  h l g h l l g h t s  s e l e c t e d  accompl ishments 
I n  t h e  a n a l y s i s  and techno logy  areas  t o  I l l u s t r a t e  
p rogram c o n t e n t  and d i r e c t i o n .  
___ M l s s l o n  and System Analyses 
Recent s t u d l e s  have ana lyzed e l e c t r i c  p r o p u l -  
s i o n  systems and a p p l l c a t l o n s  r a n g i n g  f rom 1 kW 
c l a s s  concepts  f o r  s t a t l o n k e e p l n g  t o  s e v e r a l -  
hundred-megawatt  Nuc lea r  E l e c t r i c  P r o p u l s i o n  Sys- 
tems (NEPS) f o r  E a r t h - o r b i t  and p l a n e t a r y  m l s s l o n s .  
For  completeness, some s t u d i e s  sponsored by agen- 
c l e s  o t h e r  t h a n  NASA w l l l  be  p resented .  
S c h r e l b , l Z  I n  a r e v l e w  o f  t h e  INTELSAT spon- 
sored  xenon I o n  p r o p u l s l o n  program, eva lua ted  t h e  
I n t e g r a t i o n  I ssues  and c o s t  b e n e f l t s  o f  I o n  systems 
on t h r e e - a x i s  and s p l n - s t a b l l l z e d  communicat ion 
s a t e l l i t e s .  Tab le  1. f r o m  Ref .  12,  shows t h e  c a l -  
c u l a t e d  n e t  mass and c o s t  b e n e f i t s  f o r  such space- 
c r a f t ,  where d i r e c t  s o l a r  a r r a y  power was used, I f  
r e q u l r e d ,  t o  supplement t h e  2.0 kW-hr energy sup- 
p l l e d  by b a t t e r l e s  used f o r  equ lnox  o p e r a t l o n s .  
The n e t  b e n e f l t s  a r e  v e r y  l a r g e  and approach t h e  
c o s t  o f  t y p l c a l  communlcat lon s a t e l l i t e s  i n  some 
cases. 
As p r e v i o u s l y  no ted ,  m u l t l p r o p e l l a n t  r e s l s t o -  
j e t s  were b a s e l l n e d  f o r  t h e  I O C  Space S t a t i o n .  
I n t e r e s t  I n  these  systems arose4 f r o m  t h e i r  s t r o n g  
synerg lsm w l t h  o t h e r  S t a t i o n  subsystems, such as 
t h e  Env i ronmenta l  C o n t r o l  and L i f e  Suppor t  System 
(ECLSS), and o t h e r  advantages a c c r u l n g  f rom l o w  
t h r u s t  l e v e l s  and t h e  use o f  gaseous, ben lgn  p r o -  
p e l l a n t s .  Large  l l f e  c y c l e  c o s t  sav ings  a r e  p ro -  
j e c t e d l 3 9 1 4  f o r  Space S t a t i o n  by use o f  r e s l s t o j e t  
systems w h i c h  a r e  d e s c r i b e d  jri d e t a t l  :n R 2 f .  j 5 .  
I n  t h e  l o n g  run ,  s e l e c t i o n  o f  t h e  m u l t l p r o p e l l a n t  
r e s l s t o j e t s  may w e l l  r e p r e s e n t  an I m p o r t a n t  s t e p  I n  
t h e  development o f  I n t e g r a t e d  on-board  p r o p u l s l o n  
systems wh ich  can p r o v l d e  l a r g e  p o t e n t l a l  b e n e f i t s  
t o  launch,  o r b l t  t r a n s f e r ,  and space systems. 
Pa las  zews k l l 6  sys t e m a t l  c a l l  y eva lua ted  t h e  
use o f  v a r l o u s  e l e c t r l c  p r o p u l s i o n  concepts  f o r  a 
v a r l e t y  o f  f u n c t l o n s  on p o l a r  and c o - o r b l t l n g  f r e e  
f l y e r  s a c e c r a f t .  Tab le  2 shows t h e  p r o p e l l a n t  
masseslg r e q u i r e d  f o r  s e r v l c l n g  o f  s e v e r a l  
c o - o r b l t l n g  space systems. The m l s s l o n  v e l o c l t y  
Inc rements  were ex t reme ly  s e n s l t l v e  t o  t h e  a l t l -  
tudes  and s e r v l c l n g  I n t e r v a l s  chosen and va lues  o f  
t hose  were s e l e c t e d  t o  m ln lm lze  t h e  p r o p u l s i o n  
requ l remen ts .  The v e r y  l a r g e  p o t e n t l a l  b e n e f i t s  o f  
e l e c t r i c  p r o p u l s i o n  f o r  s e r v l c l n g  c o - o r b l t l n g  f r e e  
f l y e r s  I s  c l e a r l y  shown I n  Tab le  2 as,  dependent on 
t h e  techno logy  assumed, up t o  an  o r d e r  o f  magn i tude 
r e d u c t l o n  I n  p r o p e l l a n t ,  r e l a t l v e  t o  t h e  b a s e l i n e  
hyd raz ine  system, can be r e a l l z e d .  A s  d i scussed  I n  
Ref.  16. l o w  a c c e l e r a t l o n  requ l rements  e x l s t  f o r  
1 
s e v e r a l  f r e e  f l y e r  mlss lons .  I n  those  cases, l ow  
t h r u s t  e l e c t r l c  p r o p u l s l o n  o f f e r s  advantages beyond 
t h e  p r o p u l s l o n  mass reduc t l ons  d l scussed  above. 
Perhaps s t l m u l a t e d  by t h e  SP-100 p r ~ g r a m , ~  
NASAl7*18 and Alr Force19 sponsored e f f o r t s  were 
conducted t o  e v a l u a t e  NEPS f o r  s e v e r a l  m l s s l o n s .  
S e r c e l  and Krauthamerl7 conducted a d e t a l l e d  s tudy  
o f  NEPS f o r  LEO-GEO, Lunar Base, and Neptune O r b i t e r  
m iss ions .  I n  t h a t  study t h e  Impacts  o f  power l e v e l  
and e l e c t r l c  p r o p u l s l o n  techno logy  (MPD and I o n )  on 
m i s s i o n  per fo rmance were ob ta lned  and compared w l t h  
advanced chemica l  p r o p u l s i o n .  F i g u r e s  l ( a )  and ( b )  
show t h e  t r a n s p o r t a t i o n  mass pe r  m l s s l o n  and average 
t r i p  t1mes,l7 assumlng MPD p r o p u l s t o n  systems, as 
a f u n c t i o n  o f  NEPS power l e v e l  f o r  LEO-GEO and Lunar 
Base m lss lons .  r e s p e c t l v e l y .  Below 1 .0  MWe, t h e  
power and i o n  p r o p u l s l o n  system s p e c l f l c  mass was 
assumed t o  be 25 kG/kW. Above 1 .0  MWe. t h e  power 
and MPD p r o p u l s l o n  system s p e c i f i c  mass was assumed 
t o  be 6 kG/kW. The performance o f  an advanced 
(485 sec s p e c l f l c  lmpulse, space based, aerobraked)  
chemlca l  system was a lso  eva lua ted  and t h e  t r a n s -  
p o r t a t i o n  mass p e r  mlss lon  was about  30 and 
7 5  m e t r i c  tons  p e r  mlss lon  f o r  t h e  LEO-GEO and 
Lunar Base m iss ions ,  r e s p e c t i v e l y .  The p o t e n t l a l  
sav ing  I n  t r a n s p o r t a t l o n  mass p r o v l d e d  by NEPS, 
r e l a t i v e  t o  advanced chemlcal systems, ranged f o r  
b o t h  m lss lons  f r o m  a f a c t o r  o f  two, f o r  h l g h  power, 
t o  a f a c t o r  o f  s l x .  for  t h e  l owes t  NEPS power l e v e l  
s t u d i e d .  The h l g h  power NEPS systems d l d ,  however, 
enab le  s l g n l f i c a n t  r e d u c t l o n  i n  t r l p  t lmes  wh lch  
c o u l d  be o f  g r e a t  importance I n  o v e r a l l  m l s s l o n  
des igns  and c o s t s .  F lgure  2 shows t h e  Neptune 
O r b i t e r  m l s s l o n  t r l p  tlme17 f o r  t h e  two power 
regimes w l t h  I o n  and MPD systems. For  comparlson, 
s l n g l e  Space S h u t t l e  mlss lons  u s l n  hydrogen/oxygen 
p r o p u l s i o n  systems have been shown90 t o  r e q u l  r e  
f r o m  15 t o  20 y r  f o r  t h l s  m i s s i o n .  I t  can be seen 
t h a t  NEPS can save from about  3 t o  10  y r  t r l p  t lme,  
dependent on power l e v e l ,  and t h a t  t h e  I o n  system 
t r l p  t lmes  a r e  abou t  1.5 y r  s h o r t e r  than those  w l t h  
MPD systems. Reference 17 a l s o  eva lua ted  ve ry  h l g h  
power NEPS f o r  manned miss ions  t o  s e v e r a l  p l a n e t s .  
T r i p  t imes  f o r  200 MWe NEPS, m ln lm ized  by s e l e c t l o n  
o f  a p p r o p r l a t e  s p e c l f l c  Impu lses .  o f  about  s i x  
months, two years .  and seven years  were ob ta lned  
f o r  round t r l p s  t o  Mars, J u p l t e r ,  and Neptune, 
r e s p e c t l v e l  y . 
Reference 18  presented  p a r a m e t r l c  es t ima tes  o f  
t h e  d r y  masses o f  r e s i s t o j e t ,  a r c j e t ,  and I o n  p ro -  
p u l s l o n  systems and the  m l s s l o n  per fo rmance ( v e l o c -  
l t y  inc rements  and t h r u s t l n g  t l m e s )  t h a t  c o u l d  be 
ob ta lned  w l t h  t h e  assumptlon o f  a s l n g l e  S h u t t l e  
l aunch  o f  an  SP-100 power system. F l g u r e  3 shows 
t h e  mass b reakou ts ,  f o r  an assumed 300 kWe SP-100 
system, f o r  t h e  t h r e e  e l e c t r i c  p r o p u l s l o n  systems. 
I n  a l l  cases, t h e  p r o p u l s i o n  system d r y  mass was a 
sma l l  f r a c t l o n  o f  t h e  S h u t t l e  O r b l t e r  pay load.  The 
xenon I o n  system d r y  mass was h e a v l e r  t h a n  t h a t  o f  
e i t h e r  t h e  r e s l s t o j e t  or a r c j e t  system b u t ,  due t o  
h i g h e r  s p e c l f l c  lmpulse, c o u l d  d e l i v e r  s l g n l f l -  
c a n t l y  more v e l o c i t y  lncrements and t h r u s t l n g  t lmes  
( F i g s .  4 (a )  and ( b ) ) .  
As a f l n a l  example o f  m l s s l o n  ana lyses ,  an A l r  
Force  s tudy19 eva lua ted  a reusab le  NEPS f o r  t h e  
d e l i v e r y  o f  a g a l a x y  of 28 Globa l  P o s l t i o n l n g  System 
(GPS) s a t e l l l t e s ,  t o  a 20 187 kM o r b i t .  Tab le  3 
shows es t lma ted  o v e r a l l  ga laxy  deployment c o s t s  f o r  
s e v e r a l  p r o p u l s i o n  systems. The c o s t  sav lngs  e s t l -  
mated I n  Ref.  19 a r e  very g r e a t ,  i n  l a r g e  p a r t  due 
t o  t h e  r e u s a b l l l t y  o f  t h e  NEPS, wh lch  much more 
than  o f f s e t  t h e  h i g h e r  l n l t l a l  c o s t  o f  t h e  NEPS 
w l t h  r e s p e c t  t o  t h e  o t h e r .  chemlca l ,  systems. 
t h e  g r e a t  l e v e r a g e  t h a t  can be p r o v l d e d  by e l e c t r l c  
p r o p u l s l o n  systems f o r  a v e r y  b road c l a s s  o f  m l s -  
s l ons .  B e n e f l t s  can be r e a l l z e d  l n  a number o f  
ways l n c l u d l n g  ma jo r  r e d u c t l o n s  o f :  ( 1 )  m l s s l o n  
l l f e  c y c l e  c o s t s ,  ( 2 )  p r o p e l l a n t  masses, and ( 3 )  
I n  genera l ,  t h e  s t u d l e s  c i t e d  have a f f l r m e d  
o r b ?  t t r a n s f e r  
l a r g e  e x t e n s l o n  
E f f o r t s  I n  
m u l t l p r o p e l l a n t  
per fo rmance r e s  
DC a r c j e t s .  and 
concepts .  
lmes f o r  p l a n e t a r y  m lss lons ,  and/or  
o f  o n - o r b i t  l l f e t l m e s .  
E 1 ec t r o  t herma 1 
e l e c t r o t h e r m a l  p r o p u l s i o n  I n c l u d e  
r e s l s t o j e t s  f o r  Space S t a t i o n .  h l g h  
s t o j e t s  f o r  s p a c e c r a f t ,  l ow  power 
research  on h l g h  power t h r u s t e r  
M u l t l p r o p e l l a n t  R e s i s t o l e t s  
P r e s e n t l y ,  m u l t l p r o p e l l a n t  r e s l s t o j e t s  a r e  
p lanned f o r  d r a g  make-up p r o p u l s i o n  on t h e  I O C  
Space S t a t i o n  ( F i g .  5). A number o f  t e c h n l c a l  
i ssues  were addressed I n  o r d e r  t o  p r o v i d e  t h e  con- 
f l d e n c e  r e q u l r e d  f o r  t h a t  s e l e c t l o n .  G r a i n  s t a b l -  
l l z e d  p l a t i n u m  was se lec ted3  f o r  t h e  hea t  exchanger 
and n o z z l e  and many t e s t s  were per fo rmed21*22 i n  
m a t e r l a l  t e s t  c e l l s  t o  v e r l f y  t h e  c o m p a t l b l l l t y  o f  
t h e  s t a b l l l z e d  p l a t i n u m  w l t h  cand lda te  p r o p e l l a n t s .  
F l g u r e  6 shows some d e t a l l s  o f  t h a t  t e s t  program 
wh lch  now l n c l u d e s  ove r  20 t e s t s  o f  1000 hr, o r  
g r e a t e r ,  d u r a t l o n  on C02, CH4. H2, "3, N2, H20 
(s team) ,  and N2H4. Sample tempera tures  were h e l d  a t  
1400 " C  excep t  f o r  methane and h y d r a z l n e  f o r  wh lch  
lower  tempera tures  were used, r e s p e c t l v e l y ,  t o  a v o i d  
decompos l t lon  and s l m u l a t e  t h e  o u t p u t  o f  a h y d r a z l n e  
c a t a l y s t  bed. The c a l c u l a t e d  l l f e t l m e s .  based on a 
c r l t e r l o n  o f  a 10  p e r c e n t  mass l o s s  and an assump- 
t i o n  o f  l l n e a r  mass l o s s  w l t h  t ime .  were g e n e r a l l y  
over  l x 1 0 5  h r  ( F i g .  6 ) .  
g r e a t e r  t h a n  r e q u l r e d  f o r  t h e  Space S t a t l o n  a p p l i -  
c a t l o n .  F u r t h e r  l l f e  v e r l f l c a t l o n  t e s t s  i n c l u d e d  
t h e  r e c e n t  o f  a 2000 hr /2400 the rma l  
c y c l e  t e s t  o f  a l a b o r a t o r y  model p l a t i n u m  r e s l s t o -  
j e t  ope ra ted  on Cop. T h l s  t e s t  con f l rmed  many o f  
t h e  processes p lanned f o r  t h e  f l i g h t  t h r u s t e r ,  such 
as d l f f u s l o n  bond ing  and we ld lng ,  and p r o v l d e d  
i n f o r m a t i o n  on phenomena such as g r a i n  g rowth  as a 
f u n c t i o n  o f  t empera tu re  and m a t e r i a l s  t r e a t m e n t .  
i n t e r e s t  t o  v a r l o u s  p o t e n t l a l  use rs  o f  t h e  Space 
S t a t i o n .  
t o  c h a r a c t e r l z e  t h e  ups t ream and downstream plumes 
o f  t h e  m u l t l p r o p e l l a n t  r e s l s t o j e t .  Accu ra te  d e t e r -  
m l n a t l o n  o f  l o w  l e v e l  f l o w  f l e l d s ,  e s p e c i a l l y  
ups t ream o f  t h e  nozz le .  1 s  an ex t reme ly  d l f f l c u l t  
p rocess  and was found t o  r e q u l r e  v e r y  h l g h  pumping 
speed vacuum chambers, u s i n g  l a r g e  amounts o f  c r y o -  
gens, and s p e c i a l  t e s t  equlpment,  such as p r e c i s i o n  
tempera tu re  c o n t r o l l e d  q u a r t z  c r y s t a l  m ic roba lances .  
The plume c h a r a c t e r l z a t l o n  e f f o r t  i s  s t i l l  i n  p rog -  
ress  b u t  l n l t l a l  r e s u l t s  ( F l g .  7 )  a r e  p r o m l s l n g  I n  
t h a t  reasonab le  agreement has been ob ta lned  between 
measurements and s l m p l e  plume p r e d l c t l o n ~ ~ ~  o f  
t h e  downstream plume shapes. 
been f a b r l c a t e d  and t e s t s  a r e  underway t o  charac-  
t e r l z e  t h e  per fo rmance,  the rma l  properties. and 
These l l f e t l m e s  a r e  f a r  
The p o t e n t l a l  impacts  o f  plumes were o f  h l g h  
A p rogram was, t h e r e f o r e ,  I n i t i a t e d 2 4  
Severa l  e n g l n e e r l n g  mode13115 r e s l s t o j e t s  have 
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e l e c t r i c a l  I n t e r f a c e s  as a f u n c t i o n  o f  p r o p e l l a n t  
t y p e  and power l e v e l .  The Space S t a t i o n  power 
d l s t r l b u t l o n  I s  now p lanned t o  be about  208 V a t  
20 kHz. 
power p rocesso r  concept  wh lch  p rov ldes  e l e c t r l c a l  
I s o l a t i o n  and 20 kHz t o  t h e  t h r u s t e r .  The power 
p rocesso r  l s  ex t reme ly  s imp le .  c o n s i s t i n g  o f  less  
than t e n  p a r t s ,  and l l m l t s  I n r u s h  c u r r e n t s  i n  order 
t o  m i n l m i z e  thermal /mechan lca l  shocks on s t a r t u p .  
GruberZ5 has des igned and I n t e g r a t e d  a 
H iqh  Performance R e s l s t o l e t s  
E f f o r t s  a r e  underway t o  I n c r e a s e  t h e  s p e c l f l c  
impu lse  o f  l o w  power, h y d r a z l n e  r e s l s t o  e t s  f rom 
and g r e a t e r .  A n a l y t i c a l  and exper lmen ta l  s tud les  
o f  fundamental  phenomena, of s p e c l a l  Impor tance a t  
l o w  Reynolds number c o n d i t l o n s ,  a r e  I n  p rogress ,  
a l o n g  w i t h  e f f o r t s  t o  des lgn  and v e r l f y  t he  pe r -  
formance and l i f e t i m e s  o f  h i g h  s p e c l f l c  Impu lse  
r e s i s t o j e t s .  
t h e  300 sec l e v e l ,  p r e s e n t l y  a v a i l a b l e ,  4 t o  335 sec 
The Reynolds numbers o f  r e s l s t o j e t ,  and arc- 
j e t ,  nozz les  a r e  v e r y  low,  t y p l c a l l y  l e s s  than  2000 
t o  3000. A s  a consequence, boundary l a y e r s  a r e  
t h l c k  and t h e  f l o w  f i e l d s  w l l l  be ve ry  d i f f e r e n t  
f r o m  p o t e n t l a l  f l o w  s i t u a t i o n s .  C a l c u l a t i o n s  have 
been o f  t h e  n o z z l e  f l o w s  and an exam- 
p l e ,  f o r  a Reynolds number and expans lon  r a t l o  o f  
l o 3  and l o 2 ,  r e s p e c t l v e l y ,  i s  shown i n  F l g .  8.  
t h i c k  boundary l a y e r s  a r e  e v l d e n t  and, as has been 
t y p i c a l l y  found, t h e  Mach number peaks near t h e  
t h r o a t  r e g i o n .  As much o f  t h e  f l o w  I s  subsonlc,  
amblent vacuum f a c l l l t y  c o n d l t l o n s  can p o t e n t l a l l y  
a f f e c t  observed performance. Tes ts  t o  de termlne 
ground t e s t  e f f e c t s  a r e  ~ n d e r w a y . 2 ~  
l e v e l s  o f  a s l n g l e  r e s l s t o j e t .  opera ted  a t  va r lous  
f l o w  r a t e s  o f  heated  and unheated n i t r o g e n ,  were 
d l r e c t l y  measured and t h e  usua l  t h r u s t  c o r r e c t l o n  
t o  accoun t  f o r  amblen t  p r e s s u r e  was then app l l ed .  
The c o r r e c t e d  s p e c i f i c  Impu lses  o f  unheated f lows 
were u n a f f e c t e d  by t h e  f a c l l l t y  p r e s s u r e  over  the 
range eva lua ted .  W l t h  heated  f l o w s ,  however, t he re  
was a c o n s l s t e n t  I n c r e a s e  o f  c o r r e c t e d  s p e c l f l c  
impu lse ,  up  t o  7 pe rcen t .  as t h e  p ressu re  was 
reduced t o  l e s s  t h a n  about  5 pm. A t  p resen t .  i t  I s  
f e l t  t h a t  t h e  observed behav lo r  I s  due t o  hea t  
t r a n s f e r  e f f e c t s  and work I s  c o n t l n u l n g  t o  es tab-  
l l s h  g e n e r a l  c r l t e r l a  f o r  c o r r e c t l o n  o f  t h r u s t  
measurements f o r  v e r y  l o w  p ressu re  o p e r a t l o n .  
be r  n o z z l e s  a r e  a l s o  I n  p rog ress .28  
hydrogen and n i t r o g e n  a r e  b e l n g  t e s t e d  w l t h  b e l l ,  
c o n l c a l ,  and t rumpe t  shaped nozz les  over  ranges o f  
expans lon  r a t l o s ,  d l ve rgence  ang les ,  and Reynolds 
numbers f r o m  25 t o  200, 15" t o  25". and 500 t o  
6000, r e s p e c t l v e l y .  I n  genera l ,  l i t t l e  v a r l a t l o n  
o f  n o z z l e  e f f l c l e n c y  w l t h  n o z z l e  des lgn  was observed 
a t  Reynolds numbers above about  1500. A l though 
p r e l l m l n a r y ,  a t  lower  Reynolds numbers t h e  t rumpet 
and c o n l c a l  nozz les  appear t o  show b e t t e r  perform- 
ance than  t h e  b e l l  nozz les ,  w l t h  t h e  d i f f e r e n c e  
I n c r e a s i n g  w l t h  dec reas lng  Reynolds numbers. 
The 
The t h r u s t  
Exper lmen ta l  e v a l u a t i o n s  o f  l ow  Reynolds num- 
Unheated 
Component t e s t s  f o r  h l g h  tempera ture  r e s l s t o -  
j e t s  a r e  underway and a des ign  w i t h  p o t e n t i a l  for a 
m l s s l o n  average s p e c l f l c  lmpu lse  above 335 sec has 
been comple ted  by t h e  Rocket Research Company.2g 
The concep t  w i l l  use: ( 1 )  a p r e s s u r l z e d  hea te r  
c a v i t y  t o  reduce s u b l l m a t l o n ,  ( 2 )  rhen lum f o r  
improved c reep  r u p t u r e ,  and ( 3 )  h l g h  tempera ture  
s t a b l e  s u r f a c e  t e x t u r l n g  t o  l n c r e a s e  hea t  t r a n s f e r  
e f f l c l e n c y  over  t h e  l l f e  o f  t h e  r e s l s t o j e t .  A t  
p resen t ,  p l a n s  a r e  t o  t e s t  a p r e c u r s o r  d e s l g n  i n  
mid  1987 t o  v a l l d a t e  d e s l g n  concepts  p r i o r  t o  
f a b r l c a t i o n  and t e s t s  o f  a f l i g h t  t y p e  t h r u s t e r  I n  
l a t e  1987. 
Low Power DC A r c l e t s  
The NASA a r c j e t  program has c o n c e n t r a t e d  t o  
d a t e  on l ow  power OC a r c j e t s  wh lch  a r e  cand lda tes  
f o r  a u x l l l a r y  p r o p u l s i o n .  I t  shou ld  be no ted  t h a t  
t h e  A i r  Force  sponsored a r c j e t  program has concen- 
t r a t e d  on h i  h power, app rox ima te l y  30 kW, DC 
a r c j e t s . 3 0 - 3 g  A s t r o n g  i n t e r a c t i o n  I n  a r c j e t  
t echno logy  i s  ma ln ta ined  between t h e  A i r  Force  and 
NASA v i a  a Memorandum o f  Agreement (MOA) between 
t h e  A i r  Force  Rocket P r o p u l s i o n  Labora to ry  and t h e  
NASA Lewis Research Center .  T h l s  I n t e r a c t l o n  
f o s t e r s  r a p i d  i n te rchange  o f  I n f o r m a t i o n .  wh ich  I s  
o f  Impor tance due t o  t h e  g e n e r i c  a p p l l c a b l l l t y  o f  
many f i n d i n g s  o f  t h e  A i r  Force  and NASA a r c j e t  
programs. 
power arc jet^,^^ s t a r t u p  was v e r y  e r r a t i c  and was 
o f t e n  accompanled by s l g n l f l c a n t  ca thode and anode 
e r o s i o n .  T y p l c a l l y ,  s t a r t u p  would be accompanied 
by s p a r k i n g  d u r l n g  a r c  l g n l t l o n  and ve ry  u n s t a b l e  
vo l t -ampere  a r c  c h a r a c t e r l s t l c s  subsequent t o  a r c  
l g n l t l o n .  The f l o w  f i e l d s  I n  t h e  h e a t  exchanger 
were changed t o  I n c l u d e  a s t r o n g  v o r t e x .  A d d l t l o n -  
a l l y ,  a power p rocessor  wh lch  used pu lsed  s t a r t u p  
and v e r y  r a p i d  response c l r c u l t s  was des lgned and 
l ~ n p l e m e n t e d . ~ ~  
mlnor  geomet r i c  v a r l a t l o n s ,  r e s u l t e d  i n  r e l i a b l e .  
nondamaging a r c j e t  s t a r t u p s  ( F i g .  9 ) .  Subsequent ly ,  
over  300 s t a r t s  were demonst ra ted  on a 1 kW a r c -  
j e t .35 .36  The c o n d l t l o n s  o f  t h e  e l e c t r o d e s  were 
eva lua ted  p e r l o d i c a l l y  d u r i n g  t h e  s t a r t u p  t e s t  p ro -  
gram and i t  was observed t h a t  b o t h  t h e  ca thode shape 
and t h e  e l e c t r i c a l  s t a r t u p  c h a r a c t e r l s t l c s  became 
c o n s t a n t  a f t e r  a few s t a r t s  and d i d  n o t  s l g n l f l -  
c a n t l y  change f o r  t h e  d u r a t l o n  o f  t h e  t e s t l n g .  I t  
was a l s o  found t h a t  t h e  f l o w  f i e l d  and power p roc -  
essor  changes l e d  t o  decreased ca thode e r o s i o n  
d u r l n g  s teady  s t a t e  o p e r a t l o n  ( F l g .  10 ) .  
I n  I n i t i a l  t e s t s  w l t h  s t a t e - o f - t h e - a r t ,  l o w  
These two changes, a l o n g  w i t h  
A r c j e t  performance t e s t s  were per fo rmed w i t h  
h y d r a z l n e  and h y d r o g e n h i t r o g e n  m i x t u r e s  ove r  a 
w lde  range o f  f l o w  r a t e s ,  power l e v e l s ,  and geome- 
t r l e s .  I t  was found t h a t  t h e  s p e c l f l c  Impu lse  was 
n e a r l y  s p e c i f l e d  by t h e  r a t i o  o f  power t o  mass f l o w  
r a t e  f o r  many t h r u s t e r  geomet r les  ( F l g .  11)  and 
va lues  o f  s p e c i f l c  impu lse  between 400 and 730 sec 
were demonst ra ted  w i t h  h y d r a z l n e  p r o p e l l a n t . 3 7  
An a t t r a c t i v e  f e a t u r e  o f  a r c j e t  systems i s  t h e i r  
p o t e n t l a l  f o r  use o f  space q u a l i f l e d  subsystems. 
T h l s  connnonal l ty was v e r i f l e d  by t h e  s u c c e s s f u l  
l n t e g r a t l o n  o f  an a r c j e t  w l t h  t h e  c a t a l y s t  bed, 
p r o p e l l a n t  management components, and moun t ln  
s t r u c t u r e  used w i t h  o p e r a t l o n a l  r e s l s t o j e t ~ . ~ ~  
r e q u l r e d  t o  o p e r a t e  between abou t  200 and 300 h r .  
L i f e  t e s t s  o f  100 h r  on hyd rogen-n i t rogen  gas m lx -  
t u r e s  and 40 h r  on hyd raz lne  have been per fo rmed on 
l a b o r a t o r y ,  1 kW c l a s s  arc jet^.^^ A f t e r  an i n l t l a l  
bu rn  I n  p e r l o d ,  where in  t h e  ca thode assumed an 
e q u i l i b r i u m  shape, t h e  t h r u s t e r  r u n  on gas m l x t u r e  
per fo rmed w l t h  n e g l l g l b l e  change i n  a rc  c h a r a c t e r -  
i s t i c s .  The hyd raz lne  a r c j e t  e x h l b l t e d  an l n c r e a s -  
l n g  a r c  v o l t a g e  d u r l n g  t h e  t e s t s .  E f f o r t s  a r e  
underway t o  de te rm ine  t h e  cause o f  t h e  per fo rmance 
A r c j e t s  used f o r  N-S s t a t l o n k e e p l n g  w l l l  be 
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v a r i a t i o n  observed du r ing  t h e  hyd raz ine  l i f e  t e s t  
and p r e l i m i n a r y  i n d i c a t l o n s  a r e  t h a t  i t  was due t o  
t h e  des lgn  used, as opposed t o  any s p e c i a l  e f f e c t s  
o f  hyd raz ine .  
H igh  Power T h r u s t e r s  
e l e c t r o t h e r m a l  t h r u s t e r s .  I n t e r e s t  i n  these dev i ces  
a r i s e s  f rom t h e i r  spec ia l  c h a r a c t e r l s t l c s  wh lch  
promise  h i g h  performance and l o n g  l i f e t i m e s  a t  v e r y  
h i g h  l e v e l s  d f  power. 
T h r u s t e r  (PET) a lone,  o f  p resen t  e l e c t r i c  p r o p u l -  
s i o n  concepts ,  operates a t  p ressu res  (200 t o  
1000 atm) h i g h  enough t o  a l l o w  recove ry  o f  molecu- 
l a r  I n e l a s t i c  energy l osses .  Th is  f e a t u r e  o f f e r s  
t h e  promise  o f  un ique ly  h i g h  e f f l c i e n c l e s  a t  spe- 
c l f l c  impu lses  f r o m  1000 t o  1500 sec. S t rong  p rog -  
ress  was made I n  PET research  by t h e  d e m o n ~ t r a t l o n ~ ~  
o f  o p e r a t i o n  on water a t  an average power l e v e l  o f  
500 t o  600 W .  E f f i c i e n c i e s  I n  excess o f  0.5 were 
ach leved a t  a s p e c i f i c  impu lse  o f  1400 sec and 
I n d i c a t l o n s  were t h a t  e f f i c i e n c i e s  as h i g h  as 0.75 
m i g h t  be ach ieved through o p e r a t i o n  a t  h i g h e r  power 
and i n  lower  p ressure  f a c i l i t i e s .  
t r o t h e r m a l  t h r u s t e r . 4 0  
I n  t h a t  i t  has been demonstrated t h a t  mlcrowave 
energy can be  v e r y  e f f i c l e n t l y  t r a n s f e r r e d  t o  a 
gas. A d d l t l o n a l l y ,  plasmas can be suspended away 
f r o m  d i r e c t  c o n t a c t  w i t h  e l e c t r o d e s .  These two 
f e a t u r e s  may a l l o w  very h i g h  power d e n s i t i e s  t o  be 
ma ln ta ined  c o n s l s t e n t  w i t h  w a l l  tempera tures  appro-  
p r i a t e  f o r  l o n g  l i f e .  Microwave energy c o u p l i n g  
e f f l c i e n c i e s  up t o  0.98 have been ach ieved w i t h  
n l t r o g e n  and h e l i u m  a t  powers up t o  2 kW and plasma 
tempera tures  and d e n s i t l e s  have been d l r e c t l y  meas- 
u red .  A d d i t i o n a l l y ,  a number o f  i n t e r e s t i n g  s p i n -  
o f f  a p p l i c a t l o n s  o f  mlcrowave plasma h e a t i n g  have 
been I d e n t i f l e d ,  I n c l u d i n g  a tomic  oxygen sources 
and m a t e r i a l  p rocess ing .  
Research was performed on pu lsed  and microwave 
The Pulsed E l e c t r o t h e r m a l  
Research has cont lnued on t h e  microwave e l e c -  
T h i s  concept  o f f e r s  p romise  
E f f o r t s  I n  i o n  p r o p u l s i o n  I n c l u d e d  work on 
t h r u s t e r  R&T, a u x i l i a r y  p r o p u l s l o n  developments,  
and system techno log ies .  
T h r u s t e r  R&T ---- 
Strong  advances were made i n  t h e  per fo rmance 
mode l i ng  o f  m u l t i p o l e  i o n  t h r u s t e r s .  
W i lbu r .  i n  a s e r l e s  o f  p u b l i ~ a t i o n s , ~ ~ - ~ ~  have 
p r o v i d e d  b o t h  t h e o r e t i c a l  ana lyses  and exper imen ta l  
r e s u l t s  t o  v a l l d a t e  and I l l u m i n a t e  t h e i r  models.  A 
s i n g l e  a l g e b r a i c  equat ion  was developed41 t o  p re -  
d l c t  t h e  beam i o n  energy c o s t  as a f u n c t i o n  o f  
p r o p e l l a n t  u t i l i z a t i o n  i n  terms o f  f o u r  parameters 
e s s e n t i a l l y  s p e c l f l e d  by t h e  t h r u s t e r  geometry and 
p r o p e l l a n t  t y p e  and the two c o n t r o l l a b l e  o p e r a t i n g  
parameters :  p r o p e l l a n t  f l o w  r a t e  and d i scha rge  
v o l t a g e .  For  d ischarge vo l tages  above p r o p e l l a n t  
dependent va lues ,  t h l s  model c o r r e c t l y  p r e d i c t e d 4 2  
observed v a r i a t i o n s  i n  beam i o n  energy p r o d u c t i o n  
c o s t s  as a f u n c t i o n  o f  p r o p e l l a n t  t ype ,  i o n  beam 
e x t r a c t l o n  area ,  d ischarge v o l t a g e ,  t ransparency  o f  
I o n  o p t i c s  t o  n e u t r a l  p r o p e l l a n t ,  and d i scha rge  
chamber w a l l  t e m p e r a t ~ r e . ~ ~  The b a s i c  per fo rmance 
model41 was t h e n  extended44 i n  o r d e r  t o  a l l o w  p re -  
d i c t i o n  o f  p r i m a r y  e l e c t r o n  d e n s i t i e s  and Maxwe l l i an  
e l e c t r o n  d e n s l t i e s  and tempera tures .  Exper iments 
per fo rmed w i t h  a rgon and xenon p r o p e l l a n t s  were I n  
Brophy and 
good agreement44 w i t h  t h e  p r e d i c t e d  plasma p r o p e r -  
t i e s .  These e f f o r t s  a r e  i m p o r t a n t  i n  t h a t  t h e  gen- 
e r a l  impacts  o f  v a r i a t i o n s  I n  m u l t i p o l e  t h r u s t e r  
geomet r ies  and o p e r a t i n g  p o i n t s  can now be e s t i -  
mated w i t h  a f i d e l i t y  n o t  p r e v i o u s l y  a v a i l a b l e .  
Due t o  t h e  major  b e n e f i t s  o f  h i g h  power 
t h r u s t e r s  f o r  h i g h  power systemisle e f f o r t s  con- 
t l n u e  t o  ex tend t h e  o p e r a t i n g  envelopes o f  b o t h  
d i v e r g e n t  f l e l d  and m u l t i p o l e  I n e r t  gas t h r u s t e r s .  
Xenon, 30-cm t h r u s t e r s  have been opera ted45  f o r  
s e v e r a l  hundred hours  a t  10 kW and components, such 
as ca thodes,45  capab le  o f  o p e r a t i n g  a t  s i g n i f i c a n t l y  
i nc reased  emiss ion  c u r r e n t s ,  have been demonstrated 
( F l g .  1 2 ) .  Designs o f  50-cm t h r u s t e r s  have been 
completed and t h e  t o o l i n g  r e q u i r e d  t o  f a b r i c a t e  
a p p r o p r i a t e  I o n  o p t i c s ,  t he  h i g h e s t  r i s k  element i n  
50-cm t h r u s t e r  demons t ra t i on ,  has been completed 
and b lanks  o f  s t a i n l e s s  s t e e l  and molybdenum suc- 
c e s s f u l l y  d ished.  
A u x i l i a r y  P r o p u l s i o n  Developments 
0 
Both  8-cm I o n  A u x i l i a r y  P r o p u l s i o n  System 
(IAPS) mercury l o n  t h r u s t e r  systems were removed 
f r o m  t h e  DOD s p a c e c r a f t ,  s u c c e s s f u l l y  t e s t  f i r e d ,  
and r e i n s t a l l e d  on t h e  s p a c e c r a f t .  The space t e s t  
now a w a i t s  a f l i g h t  o p p o r t u n i t y  on t h e  Space S h u t t l e  
Orb1 t e r .  
E f f o r t s  t o  de te rm ine  t h e  wear mechanisms o f  
t h e  INTELSAT/Hughes Research L a b o r a t o r i e s  (HRL), 
25-cm, xenon i o n  t h r u s t e r 4 6  a r e  n e a r i n g  comp le t i on .  
I n  a t e s t  co-sponsored by INlEILSAT, HRL, and NASA, 
t h e  i o n  t h r u s t e r  has accumulated ove r  4400 h r  and 
3700 c y c l e s  a t  nomina l  power and t h r u s t  l e v e l s  o f  
1.3 kW and 65 mN, r e s p e c t i v e l y .  E l e c t r i c a l  power 
and p r o p e l l a n t  a r e  s u p p l i e d  by t h e  s i m p l i f i e d  power 
p rocesso r  and f l l g h t  t y p e  p ressu re  r e g u l a t o r  des- 
c r i b e d  i n  Ref .  46. The hours  and c y c l e s  a l r e a d y  
ach ieved  a r e  w e l l  i n  excess o f  t hose  r e q u i r e d  f o r  
10  years  o f  N - S  s t a t i o n k e e p l n g ,  by a s i n g l e  
t h r u s t e r ,  o f  an INTELSAT V I  c l a s s  s p a c e c r a f t .  
Systems Technology 
Work i s  underway a t  JPL t o  address i ssues  
wh ich  a r e  i m p o r t a n t  t o  i o n  p r o p u l s i o n  systems and 
t o  e v a l u a t e  system c o n s l d e r a t l o n s  wh ich  a f f e c t  sub- 
system and component techno logy  requ i remen ts .  
b o t h  dec reas ing  t h e  number o f  t h r u s t e r / p o w e r  p roces -  
s o r  u n i t s ,  by i n c r e a s i n g  t h e  power p e r  t h r u s t e r ,  
and o p e r a t i n g  on xenon p r o p e l l a n t .  For those rea -  
sons. t h e  2.7 kW J -Ser ies  mercury t h r u s t e r  was mod.- 
i f l e d  t o  o p e r a t e  a t  5 kW on xenon. M o d i f i c a t i o n s  
necessary  t o  a f f e c t  those o p e r a t i n g  changes 
i n c l u d e d :  ( 1 )  removal  o f  a l l  I n s u l a t i n g  m a t e r i a l s  
s u b j e c t  t o  h i g h  tempera tu re  d e g r a d a t i o n  i n c l u d i n g  
kapton ,  t e f l o n ,  and vespe l ,  ( 2 )  development o f  a 
new, h i g h  v o l t a g e  xenon p r o p e l l a n t  i s o l a t o r ,  ( 3 )  
use o f  s o l i d  ground screens ,  and ( 4 )  imp lemen ta t i on  
of v e r y  c o m p l i a n t  i o n  o p t i c s  mount ing  systems.47 
F u r t h e r  system s i m p l i f i c a t i o n  has been accompl ished 
th rough  t h e  use o f  a c e n t r a l  n e u t r a l i z e r  subsystem. 
T h i s  system c o n s i s t s  o f  two n e u t r a l i z e r  ca thodes.  
Only one n e u t r a l i z e r  I s  used a t  a t i m e  t o  n e u t r a l i z e  
t h e  I o n  beams f r o m  b o t h  eng ines .  The second ca thode 
I s  I n c l u d e d  f o r  redundancy. 
To p r o v i d e  r e l l a b l e  on-command eng ine  and 
n e u t r a l i z e r  ca thode i g n i t i o n ,  a gas p u l s e  s t a r t i n g  
S imp le r ,  more r e l i a b l e  i o n  systems r e s u l t  f r o m  
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system was developed. T h l s  system uses t h e  s l m u l -  
taneous a p p l l c a t l o n  o f  500 V t o  t h e  keeper e l e c t r o d e  
and a s h o r t  d u r a t l o n  gas p r e s s u r e  p u l s e  th rough  t h e  
ca thode t o  assu re  t r a n s l t l o n  th rough  t h e  Paschen 
breakdown c r l t e r l o n .  The use o f  t h i s  system also 
e l i m i n a t e s  t h e  need t o  p r e c o n d i t i o n  t h e  cathode 
I n s e r t  a f t e r  exposure t o  a l r .  
To assure  an eng lne  l l f e t l m e  o f  15  000 h r ,  
t echn lques  by wh lch  t h e  I n t e r n a l  s p u t t e r  e ros ion  
may be reduced a r e  be ing  I n v e ~ t l g a t e d . ~ ~  
I n c l u d e s  p r l m a r l l y  l o o k i n g  a t  t h e  e f f e c t  o f  the  
a d d l t l o n  o f  sma l l  amounts o f  o t h e r  gases such as 
n l t r o g e n  t o  t h e  p r o p e l l a n t  t o  I n h i b i t  s p u t t e r l n g .  
E r o s l o n  r a t e s  a r e  measured by expos lng  a sec t l on  o f  
m a t e r l a l  p o l i s h e d  t o  a m l r r o r  f l n l s h  t o  t h e  engine 
d i s c h a r g e  chamber plasma f o r  up t o  12  hr and then 
measur ing  t h e  e t c h  dep th  w l t h  a p r o f l l o m e t e r .  
T h l s  
An I o n  p r o p u l s i o n  module u s l n g  two, 5 kW, xenon 
i o n  t h r u s t e r s  has been developed as a t e s t  bed f o r  
systems techno logy49 and I s  shown I n  o p e r a t i o n  I n  
F i g .  13.  A computer c o n t r o l  system was developed 
t o  o p e r a t e  t h e  p r o p u l s i o n  module autonomously 
( F i g .  1 4 ) .  The computer c o n t r o l  system can slmul- 
t aneous ly  o r  s e q u e n t i a l l y  s t a r t  any comblna t lon  o f  
t h e  two eng ines  and two n e u t r a l l z e r  ca thodes.  I n  
a d d l t l o n ,  t h e  c a p a b l l i t y  t o  t h r o t t l e  an  eng ine  under 
computer c o n t r o l  between a beam c u r r e n t  o f  0.75 and 
4.0 A has been demonstrated. Dur ing  normal opera- 
t i o n  t h e  computer c o n t r o l  a l g o r i t h m s  p r o v l d e  pro- 
p o r t i o n a l  c o n t r o l  o f  t h e  d i s c h a r g e  c u r r e n t  and 
ca thode f l o w  r a t e  t o  m a l n t a t n  t h e  beam c u r r e n t  and 
d i s c h a r g e  v o l t a g e  s e t  p o i n t s .  The main  f l o w  ra te  
I s  v a r l e d  a l o n g  w i t h  t h e  ca thode f l o w  t o  ma ln ta ln  
t h e  d e s l r e d  p r o p e l l a n t  u t l l l z a t l o n  e f f i c l e n c y .  Any 
o f  t h e  s e t  p o i n t s  (beam c u r r e n t ,  d i s c h a r g e  vo l tage,  
p r o p e l l a n t  e f f l c l e n c y  and beam v o l t a g e )  may be 
changed f r o m  t h e  computer keyboard  d u r i n g  englne 
o p e r a t i o n .  T h l s  a l l o w s  f l e x l b i l l t y  I n  t h r o t t l l n g  
t h e  eng lne  t h a t  has never  been a v a i l a b l e  be fo re .  
I n  a d d l t l o n ,  t h e  eng lne  g lmba l  system I s  a l s o  under 
computer c o n t r o l  and t h e  g lmba l  ang le  may be  selec- 
t e d  f r o m  t h e  keyboard d u r i n g  o p e r a t i o n .  F l n a l l y ,  
t h e  program can be opera ted  I n  a mode I n  wh ich  i t  
w l l l  read  preprogrammed commands s t o r e d  on a mag- 
n e t l c  d l s k .  The computer w l l l  t h e n  execute  these 
commands, such as s t a r t - u p ,  t h r o t t l e ,  e t c . ,  as a 
f unc t I on o f  " m l  s s 1 on t 1 me. 
The !mplernentat lon o f  concepts uh l ch  s l m p l l f y  
and I n c r e a s e  t h e  r e l l a b l l l t y  o f  I o n  systems, along 
w l t h  demons t ra t l on  o f  t hose  concepts  I n  m u l t l -  
t h r u s t e r  systems w i t h  f l i g h t  t y p e  c o n t r o l  ph l l oso -  
ph les .  I s  an I m p o r t a n t  s t e p  toward  u l t i m a t e  
acceptance o f  I o n  systems f o r  ma jor  space miss ions .  
E_1 ec t r omaqn&.lt. 
I n  t h e  e lec t romagne t l c  a rea ,  research  I s  
underway t o  p r o v l d e  unders tand lng  o f  t h e  phenomena 
c o n t r o l l l n g  e lec t romagne t l c  p r o p u l s i o n ,  and t o  
e x p l o r e  t h r u s t e r  concepts  w l t h  p o t e n t l a l  f o r  opera- 
t l o n  a t  v e r y  h l g h  power l e v e l s .  
Ma jo r  advances I n  plasma t h r u s t e r  t h e o r y  have 
r e c e n t l y  been made a t  P r l n c e t o n  U n l v e r s l t y .  For 
t h e  f i r s t  t lme ,  a u n i v e r s a l  d e s c r i p t i o n  o f  pure  
e l e c t r o m a g n e t l c  (MPD) t h r u s t e r  v o l t a g e / c u r r e n t  t e r -  
m i n a l  b e h a v l o r  has been ob ta lned .50  l h e  model has 
been v e r l f l e d  over  a w lde  range o f  t h r u s t e r  propel-  
l a n t  t y p e s ,  p r o p e l l a n t  f l o w  r a t e s ,  and t h r u s t e r  
geomet r i es  ( F l g .  1 5 ) .  
A c h a r a c t e r l s t l c  c u r r e n t ,  JFI, a t  wh ich  f u l l  
l o n l z a t l o n  occu rs  i n  c o a x l a l  p lasma t h r u s t e r s ,  has 
been d e f l n e d  I n  terms o f  f l r s t  p r l n c l p l e s .  A t  c u r -  
r e n t s  be low JFI. t h e  h y b r l d  regime. t h e  plasmas 
a r e  p a r t l a l l y  I o n i z e d  and based on e x t e n s l v e  rev lews  
o f  plasma t h r u s t e r  performance, t h e  I o n  v e l o c l t l e s  
appear t o  be l l m l t e d  t o  A l f v 6 n  speeds. A t  c u r r e n t s  
above J F I .  t h e  f u l l y  I o n i z e d  regime. t h e  ana lyses  
I n d l c a t e  t h a t  t h r u s t e r  e f f l c l e n c l e s ,  based on e l e c -  
t romagne t l c  f o r c e  c o n t r i b u t i o n  o n l y ,  may be l l m l t e d  
t o  va lues  l e s s  t h a n  a c h i e v a b l e  I n  t h e  h y b r l d  reglme. 
Based on these  r e s u l t s ,  e f f o r t s  a r e  now underway t o  
e x p l o r e  t h e  per fo rmance p o t e n t i a l s  o f  t h r u s t e r s  
ope ra ted  I n  t h e  h y b r l d  reglme, wh lch  r e p r e s e n t s  t h e  
t r a n s l t l o n  o p e r a t i n g  mode between h l g h  p r e s s u r e  
e l e c t r o t h e r m a l  and f u l l y  I o n i z e d  plasma t h r u s t e r s .  
e q u l l l b r l u m  n a t u r e  o f  c o a x i a l  plasma t h r u s t e r s  and 
t h e  presence o f  plasma waves wh lch  a r e  c e n t r a l  t o  
t h e l r  o p e r a t i o n .  
t r o n  s u p e r t h e r m a l l z a t l o n  by t h e  observed plasma 
waves was l d e n t l f l e d  and shown t o  be p r e s e n t  I n  
c o a x i a l  t h r u s t e r s .  I n  o r d e r  t o  b e t t e r  unders tand 
plasma wave phenomena, exper iments  were lmplemented 
wh lch  a l l o w  d i r e c t  e v a l u a t i o n  o f  t h e  wave f requen-  
c i e s  as a f u n c t i o n  o f  wave length ,  o r  wave d l s p e r -  
s l o n  r e l a t l o n s h l p s  ( F i g .  1 6 ) .  
A d d l t l o n a l l y ,  a s teady  s t a t e  c o a x i a l  plasma 
t h r u s t e r  f a c i l i t y  I s  now o p e r a t i o n a l  t h a t  a l l o w s  
s teady  s t a t e  t h r u s t e r  o p e r a t l o n  a t  power l e v e l s  up 
t o  40 kW a t  p r o p e l l a n t  f l o w  r a t e s  up t o  8x10-3 kg/sec 
and background p ressu res  l e s s  t h a n  5x10-4 t o r r .  
These new exper imen ta l  c a p a b l l l t l e s  w l l l  p r o v l d e  
I n s i g h t s  I n t o  t h e  Impor tance o f  plasma l n s t a b l l l t l e s  
t o  t h r u s t e r  behav lo r  and t h e  p o t e n t l a l  per fo rmance 
and l l f e  l e v e l s  o f  h y b r i d  plasma t h r u s t e r s .  
Under A i r  Force  sponsorsh lp ,  P r l n c e t o n  Un lve r -  
s l t y  has developed52 and r e f l n e d  a n u c l e a r  su r -  
f a c e  l a y e r  a c t l v a t l o n  (SLA) measurement f o r  I n - s l t u  
measurement o f  MPD t h r u s t e r  component e r o s l o n .  
Recent e f f o r t s  have Improved c a l l b r a t l o n  and d a t a  
management techn lques  and r e s o l u t i o n  o f  e r o s l o n  
depths  o f  about  0.25 vm a r e  now p o s s i b l e .  The SLA 
techn lque  has been e s t a b l l s h e d  and I s  an e x c e l l e n t  
cand ida te  f o r  I n - s l t u  e r o s l o n  r a t e  measurements I n  
many e l e c t r l c  p r o p u l s l o n  dev i ces  I n  wh lch  t h e r e  a r e  
h o s t i l e  env l ronment? ,and v e r y  l ow  e r o s l o n  r a t e s .  
t h e  techno logy  r e q u i r e d  f o r  mu l t lmegawat t  MPD 
t h r u s t e r s  f o r  h l g h  energy a p p l l c a t l o n s  such as ca rgo  
v e h l c l e s  f o r  E a r t h - o r b l t  t r a n s f e r  and Mars m lss lons .  
The approach taken  has been t o  d e f i n e  and t e s t  a 
p r o g r e s s l o n  o f  subsca le  MPD t h r u s t e r s  o f  l n c r e a s l n g  
power l e v e l .  T e s t i n g  l s  now underway w l t h  a 
t h r u s t e r  s i z e d  t o  ope ra te  a t  power and a r c  c u r r e n t  
l e v e l s  up t o  100 kW and 3000 A, r e s p e c t i v e l y  
( F i g .  1 7 ) .  The t h r u s t e r  has opera ted  f o r  a t o t a l  
o f  8.5 h r  d u r l n g  72 t e s t s  o f  up t o  55  m ln  d u r a t l o n .  
The h l g h e s t  power l e v e l  a t t a i n e d  t o  d a t e  was 72 kW 
a t  an a rc  c u r r e n t  o f  1700 A.  No per fo rmance d a t a  
have been taken  as performance. I s  expected  t o  be  
poor  a t  t hese  a r c  c u r r e n t  l e v e l s  wh lch  a r e  r e l a -  
t l v e l y  l ow  f o r  t h e  s e l f  f l e l d  HPD concep t .  However, 
t h e  plasma d e n s l t l e s  and tempera tures  demonst ra ted  
a r e  p r o j e c t e d  t o  be s l m l l a r  t o  those  o f  f u l l  s c a l e ,  
megawatt eng lnes .  
L l f e t l m e  and r e l l a b l l l t y  a r e  key I s s u e s  I n  t h e  
subsca le  MPD t e s t  program. I n  t h a t  rega rd ,  r e c e n t  
Exper iments  a l s o  revea led  b o t h  t h e  h l g h l y  non- 
A g e n e r a l i z e d  c r l t e r l o n  f o r  e l e c -  
E f f o r t s  a r e  a l s o  o n g 0 1 n g ~ ~  a t  JPL t o  p r o v l d e  
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5. P i o n e e r l n n  t h e  Space F r o n t i e r .  Repor t  o f  t h e  
N a t l o n a l  Commlssion on Space, Bantam Books, 
exper imen ta l  f i n d i n g s  p e r t a l n l n g  t o :  ( 1 )  s t a r t u p  
procedures ,  ( 2 )  t h e  ca thode- Insu la to r  i n t e r f a c e ,  
and ( 3 )  ca thode temperatures a r e  presented .  
t h a t  a c o l d  s t a r t  always e n t a l l s  e r o s l o n  o f  t h e  
ca thode,  and u s u a l l y  the nearby  I n s u l a t o r .  Once a 
s i g n i f i c a n t  asymmetry I n  e i t h e r  t h e  ca thode o r  t h e  
i n s u l a t o r  shape develops, a symmetr ic.  s t a b l e  a r c  
I s  a lmos t  I m p o s s i b l e  t o  o b t a i n .  A smooth, non- 
d e s t r u c t i v e  s t a r t l n g  technique has been dev i sed .  
T h l s  employs an a u x l l l a r y  s e t  o f  gas I n j e c t i o n  j e t s  
t o  suppor t  a 800 W g low d l scha rge .  Th is  d i s c h a r g e  
heats  t h e  ca thode t o  incandescence a t  wh lch  p o l n t  
t h e  main  power may be app l i ed ,  w l t h o u t  any v l s l b l e  
e r o s l o n .  
The s t a r t u p  process I s  found t o  be c r l t i c a l  I n  
The ca thode- Insu la to r  I n t e r f a c e  I s  a l o c a t l o n  
o f  p a r t i c u l a r l y  h l g h  power d e n s i t y  and hea t  loads  
I n  t h e  MPD t h r u s t e r .  Tes t i ng  has shown t h a t  t h e  
a r c  on t h e  ca thode tends t o  bu rn  underneath  t h e  
I n s u l a t o r  caus lng  r a p i d  i n s u l a t o r  e r o s i o n .  An 
e l e c t r i c a l l y  I s o l a t e d  b u f f e r  e l e c t r o d e  has been 
found t o  s o l v e  t h e  problem. When p laced  w l t h l n  a 
a t s t a n c e  e s t i m a t e d  t o  be s m a l l e r  t h a n  t h e  ca thode 
sheath,  t h e  b u f f e r  e l e c t r o d e  e f f e c t i v e l y  p reven ts  
a r c  damage t o  t h e  I n s u l a t o r .  
F l n a l l y .  ca thode t i p  tempera tu res  have been 
measured and found t o  be w i t h i n  a reasonab le  upper 
l i m i t  (1800 t o  1900 "C) such t h a t  r a p i d  e v a p o r a t l o n  
I s  n o t  expec ted .  These tempera ture  measurements 
were taken  over  c u r r e n t  d e n s i t i e s  t h a t  range f r o m  
100 t o  200 A/cm2, whlch a r e  expec ted  i n  f u l l  s i z e d  
MPD t h r u s t e r s .  
Summary 
A number o f  s tud ies  have been r e c e n t l y  p e r -  
formed wh lch  q u a n t l f y  the b e n e f i t s  o f  e l e c t r i c  p ro -  
p u l s i o n  f o r  a v e r y  broad s e t  o f  space m iss ions .  
These ana lyses  a d d l t l o n a l l y  he lped d e f i n e  techno lo -  
g i e s  o f  h l g h e s t  re levance t o  f u t u r e  m lss lons .  The 
research  and techno logy  programs I n  e l e c t r o t h e r m a l ,  
I o n ,  and e lec t romagne t i c  p r o p u l s i o n  have r e s u l t e d  
I n  s l g n l f l c a n t  t e c h n i c a l  advancements I n  fundamental  
unders tand lng  and hardware m a t u r l t y .  These advance- 
ments, a l o n g  w l t h  t h e  ongolng success fu l  f l l g h t  
a p p l i c a t i o n s ,  shou ld  r e s u l t  I n  Inc reased  con f idence  
and p a y o f f  I n  a p p l i c a t i o n  o f  e l e c t r i c  p r o p u l s l o n .  
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FIGURE 14. - 10 KW XENON ION PROPULSION MODULE CONTROL SYSTEM. (49) 
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FIGURE 15. - COMPARISON OF MPD ARC MODEL WITH DATA.(50) 
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FIGURE 16. - PLASMA WAVE DISPERSION RELATIONSHIP WITH 
BENCHMARK MPD. (50) 
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FIGURE 17. - 100 KW SUBSCALE MPD THRUSTER. 
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